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ABSTRACT 
This investigation was conducted to determine the shrinkage 
properties of a clay soil whose structure had been artificiallY altered 
in the laboratory. Various percentages of a dispersing and flocculating 
agent were added to the soil and the shrinkage curves plotted. 
The shrinkage curves of the chemically treated soil were com-
pared with those of the untreated soil. The values of the theoretical 
and observed shrinkage limits were also compared to determine the 
validity of the standard shrinkage limit test which, at present, does 
not take into consideration the structure of the soil. 
ii 
An explanation of the differences in the shrinkage characteristics 
of the soil is presented based on the theories of clay energy and particle 
orientation. The effect of structure on other soil properties is dis-
cussed and suggestions for further research are made. 
iii 
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I. INTRODUCTION 
The consistency limits suggested by Atterberg in 1911 have been used 
extensivelY in the field of soil mechanics for identifying and classifying 
soils. In 1926 A. Casagrande (1) demonstrated the relationship between the 
consistency limits and the shear strength of soils, with data showing the 
effects of particle size and shape as well as soil structure. More recent-
ly, much research has been conducted in an attempt to relate the consist-
ency limits Of a soil to some of its other engineering properties. Seed, 
Woodward, and Lundgren (2) examined the theoretical relationship between 
the liquid and plastic limits and the clay content of a soil with a con-
siderable degree of success. They have also conducted investigations aimed 
at predicting the swelling potential of clays based on a knowledge of the 
consistency limits (3). During their investigations it was found that the 
plasticity index provided a satisfactory basis for the prediction of the 
swelling potential of clay, whereas no correlation could be found between 
the swelling potential and the shrinkage limit. It was on the basis of 
these results that the idea for this thesis was conceived. 
It seems strange that the liquid and plastic limits ( hence, the 
plasticity index ) should be a better measure or swelling potential, or 
or any other soil property, than the shrinkage limit. The liquid and 
plastic limit tests must, or necessity, be performed on disturbed or re-
molded samples. The present methods or performing these tests require 
considerable physical manipulation of the soil samples in order to deter-
mine the desired results. It should also be noted that the tests used to 
delineate these water content limits are empirical in nature. 
The shrinkage limit, on the other hand, is actuallY a measure or a 
physical property ot the soil. The test may be run on a remolded or un-
2 
disturbed sample, thus more closely approximating conditions in the field. 
Once the sample has been prepared and the test started no further physi-
cal manipulation of the soil is required. Yet, with these factors in its 
favor the shrinkage limit has not gained recognition as a valuable soil 
property. 
The purpose of this thesis is to investigate the mechanism of shrink-
age of a clay soil in an attempt to determine why the shrinkage limit has 
not been found to be a good indicator of other soil properties. The in-
vestigation is based on an analysis of the colloidal nature of clay part-
icles, with emphasis placed on their mineralogy and surface energy cha-
racteristics. Importance is placed on the structure imparted to the soil 
by the addition of small amounts of flocculating and dispersing agents. 
II. REVIEW OF LITERATURE 
A. Clay Mineral Composition 
Clay minerals are hydrated aluminum silicates in a c~stalline form 
of relatively complicated structure. Although the molecular structures 
are complicated, mineralogical investigations of the different clay min-
erals have demonstrated that they are constructed essentially from two 
basic building blocks; the silica tetrahedron (Si02) and octahedral al-
uminum hydroxide, Al(OH) 3• (4 ) In general the mineral c~stals formed 
by the combination of these building blocks have an elongated, plate-
like shape due to the atomic bonding within the c~stal lattice. Theoret-
ically the c~stal is capable of indefinite extension in two directions 
due to these bonding characteristics. Practically speaking however, the 
plate-like structure will be interrupted by cleavage. This results in 
unsatisfied bonds at the broken edges of the plate which are capable of 
attracting ions from the medium surrounding the crystal. In the third di-
mansion the c~stal surface is formed by oxygen and hydroxyl ions. These 
ions on the basal surfaces are satisfied electrically, hence the c~stal 
growth is restricted to the other two directions. 
B. Clay - Water Systems 
1 • Water Adsorption Properties 
Clay is found naturally associated with water, and the properties 
of any clay mineral or mixture of minerals are greatly affected by the 
amount of water present. The water adsorption properties of a clay can 
be attributed for the most part to its plate-like c~stalline structure. 
The atoms on the basal surfaces of these plates are predominantly neg-
ative oxygen and hydroxyl ions. The positions in the interior of the 
crystal are occupied by positive aluminum and silicon ions. Although the 
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particle as a whole may be electrically neutral (neglecting the broken edge 
bonds) the basal surfaces can be considered to be strongly charged, neg-
atively, and adjacent positive charges may be strongly attracted to these 
surfaces of the particle. 
In water molecules the centers of positive and negative charges do not 
coincide, hence the molecules behave like dipoles. Water molecules may thus 
be adsorbed on the negatively charged basal surface or the clay particle. 
These water molecules are strongly oriented at the surface due to the elec-
trical forces attracting them. The water adsorbed in this way can be more 
than one molecule thick, but as the distance from the surface increases the 
attractive force decreases. It is believed that because of this orientation 
of water molecules near the clay surface, this oriented wate, has properties 
different from those of unadsorbed water. The oriented water is considered 
to affect the behavior of clay particles when subjected to external stress-
es, since this strongly held adsorbed water comes between the clay particle 
surfaces. Recent research indicates that the viscosity of water near the 
surface of the clay crystal increases as the distance decreases.(5) To 
drive orr this adsorbed water requires heating in excess or 200° c. This 
would indicate that the bond between the adsorbed water molecules and the 
crystal surface is much stronger than the bond between normal water molecules. 
2. Double Layer Theory 
Unsatisfied bonds exist at the broken edges of the clay particle, 
some of which will be electrically positive, others negative. These elec-
trical charges have the ability to adsorb foreign ions from the surround-
ing medium, should such ions be available. Although both positive and neg-
ative ions coald be adsorbed on the edge or the crystal, the predominant 
charge desired seems to be negative. 
According to Scott,(6)nwhen a clay mineral particle is placed in 
5 
water, the surface oxygen molecules combine with water molecules and ion-
ize to form a negatively charged surface with neighboring hydrogen cations, 
or the surface hydroxyl groups ionize to form a negative surface and hy-
drogen cations or counterions." The hydrogen cations resulting from this 
process tend to diffuse away from the clay particle, but their movement is 
counterbalanced by the attraction of the negatively charged surface of the 
particle. The electrical attraction for the cations falls off with distance 
from the crystal surface. At some point away from the particle the attrac-
tion for the cations from the surrounding medium will be equal to the attrac-
tion from the particle. The layer of negatively charged ions at the crystal 
surface is known as the rigid ionic layer. The zone of fluid affected by 
the electrical potential of the rigid layer is known as the diffuse layer, 
and the entire system is known as the diffuse double layer (Figure 1). 
The concentration of charges is greatest near the particle surface 
and falls off with distance. An expression has been derived for the electric 
potential in the double layer. This expression for the electric repulsive 
potential is similar to the expression for the potential between two par-
allel plates in a capacitor, and is a function of the charge density of the 
particle, the di-electric constant of the surrounding medium, and the dis-
tance from the particle surface. 
If two particles are situated in suspension so that their edges are 
parallel to each other, the two sets of counterions adjacent to each surface 
will not interfere with each other as long as the two particles are farther 
apart than the double thickness of the diffuse layer. As they approach each 
other their double layers will eventually interact. Since the ions in each 
double layer possess the same sign, a repulsive force will act on the two 
particles. In order to bring the two particles closer together, therefore, 
it is necessary to reduce the size of their double layers, or reduce the 
Surface 
0 Diffuse double layer 
0 0 
0 G) Positive (counter) ions 
0 (±) 
0 Fluid 0 0 0 (±) 
c±) c±) 
Distance from surface 
FIGURE 1 • REPULSION POTENTIAL IN THE DIFFUSE OOUBLE LAYER 
AS A FUNCTION OF DISTANCE FROM THE SURFACE. 
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repulsive potential which exists between the double layers. 
The repulsive force between double layers is a function ot the 
valence, concentration, and size of the counterions in the dissolved 
electrolyte, as well as ot the surface charge of the particle, the di-
electric constant ot the fluid, and the temperature. The greatest change 
in the repulsive force can be affected by altering the valence, concen-
tration, and sixe ot the counterions. This can be done most easily by 
chemically treating the clay-water mixture~ 
C. Clay Energy and Soil Structure 
7 
It sodium ions (valence +1) are introduced into a clay-water system 
they will be attracted into the diffuse layer surrounding the clay par-
ticle. Since the sodium ion is much bigger than the hydrogen ion but has 
the same valence, the size of the diffuse layer will be increased. It the 
repulsive force between the double layers or two particles is greater than 
the Van der Waal-London forces ot attraction between the particles, the 
net force will be repulsive. The particles will separate and will remain 
separated as long as the net repulsive force continues to act. It a clay 
suspension is treated in this way and allowed to remain tor a long enough 
time, the particles will settle out to form a relatively dense layer or 
soil at the bottom ot the vessel, with each particle remaining separate 
from its neighbor. The process which takes place under these conditions 
of settling is known as dispersion, and the soil produced as a result ot 
the settling of the clay particles is called a dispersed soil (Figure 2a). 
It the smaller calcium ion (valence +2) had been originally intro-
duced into the system the negative surface ot the rigid layer could have 
been satisfied with fewer ions and the size or the diffuse layer reduced. 
If this reduction in the diffuse layer caused the Van der Waal-London 
forces of attraction to predominate, then the two particles could be drawn 
(a) 
• ~ Repulsion 
., ~ Attraction 
(b) 
FIGURE 2. STRUCTURE OF SEDIMENTED CLAYS. (a) DISPERSED 
CLAY, VISUALIZED IN TWO DIMENSIONS. (b) FLOCCULATED CLAY, 
VISUALIZED IN TWO DIMENSIONS. 
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closer together by the net force of attraction set up between them. Since 
the force or attraction increases as the distance between particles di-
minishes the particles may be brought close enough together to coagulate. 
This coagulation or flocculation of particles would proceed simultaneously 
at many points in the suspension. Under these circumstances the clay par-
ticles, in groups or floes, would fall out of suspension rapidly. The soil 
formed after settling would consist of loosely packed groups of particles 
virtually in direct contact with one another. The soil produced as a re-
sult of the settling of clay particles in this manner is known as a floc-
culated soil (Figure 2b). 
The terms dispersed and flocculated can be used to define both the 
structure of a clay soil and the surface energy of the clay. A dispersed 
structure is typical of a high energy clay (high repulsion potential) in 
a low energy configuration. Conversely, a flocculated structure is typical 
of a low energy clay (low repulsion potential) in a high energy config-
uration. The behavior of a clay soil in engineering tests will depend on 
its structure and surface energy as controlled ~ its mineral constituents 
and the character of dissolved electrolyte in the pore water. 
D. Clay ptying and Shrinkage 
The theories of clay drying and shrinkage offered by Clews (7) and 
Means and Parcher (8) both begin with the assumption that the soil under-
going drying is in a dispersed state. The model used for explanation of the 
theory is a compressible soil consisting of clay particles surrounded and 
separated by films of water. The electrical forces operating at the surfaces 
of the clay particles cause them to separate with the intervening void spaces 
filled with unadsorbed water. The void spaces are capillary tubes intercon-
nected throughout the soil mass and vary in size as shown in Figure ). 







FIGURE ). IDEALIZED SECTION THROUGH A SOIL ILLUSTRATING 
THE SHRINKAGE PROCESS. 
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water on the surface of the soil, the meniscus is a plane surface as shown 
b,y position 1 and the tension in the water is zero. Now as water is re-
moved from the soil surface by evaporation a meniscus forms in each of 
the pores at the surface (position 2). The formation of this meniscus pro-
duces a tension in the water. This stress is distributed equally through-
out the water in the capillary tubes thereby making the radii or all the 
menisci equal. The menisci react against the soil grains producing a com-
pression between grains, just as if an external load had been applied to 
the system. Since the soil is compressible it reacts to this compressive 
force between grains by deforming or shrinking in volume. 
If evaporation continues the menisci will continue to withdraw into 
smaller portions or the capillary tubes (positions 3 and 4). The radii 
continue to decrease and the tension in the water continues to increase. 
The compression between soil grains increases resulting in increased shrink-
age or the soil mass. 
When the menisci reach the smallest diameter in the interconnected 
pores (position 5) they will be fully developed and the stress in the water 
will be a maximum. Since there are no pores or smaller diameter in any or 
the pore spaces, further recession or the menisci produces no further in-
crease in stress and therefore no further shrinkage. 
Before the soil mass reaches constant volume it loses water from the 
surface only. The moisture distribution, initially uniform, changes as dry-
ing proceeds, so that the surface has less moisture than the center, and at 
intermediate positions the moisture content has intermediate values. The 
differences in moisture content bring about the flow of water from the cen-
ter or the soil to the surface in an attempt to make the distribution un-
iform again. Figure 4 shows the results or an investigation conducted by 
Macey ( 9) showing the moisture content gradient in a clay bar during the 
Distance from drying surface (em) 
FIGURE 4. MOISTURE CONTENT GRADIENTS IN CLAY BARS DRYING 





drying process. Soils in which water flows easily from the interior to the 
drying surface will have small differences in water content from the sur-
face to the interior. Since shrinkage is related to moisture content, the 
differences between shrinkage at the surface and in the interior of the 
soil will be small, hence there will be little internal strain with a rel-
atively small tendency to crack. On the other hand, in a soil where the 
water from the interior can only flow slowly to the surface, large moist-
ure content gradients will occur. In these soils large internal stresses 
will develop unless the drying rate is very slow. 
From the preceding discussion, a theoretical plot or soil volume (cc) 
versus soil moisture (grams) would look like the curve shown in Figure 5. 
Point A represents the initial volume and moisture content or the soil. At 
this point it is assumed that the soil is saturated. As drying proceeds to 
point B the relationship between volume change and water loss is linear. 
Shrinkage occurs between points A and B due to the surface tension forces 
previously described. At point B the soil is still saturated but as fUr-
ther evaporation takes place air starts to enter into the soil voids and 
the decrease in volume is less than the volume or water lost. The curvi-
linear portion or the shrinkage curve between points B and D represents 
shrinkage due to hydration rorces.(10) At point D all volume change ceases 
and the sample continues to lose moisture until it has been completely 
dried (point E). 
Terzaghi and Peck( 11 ) define the shrinkage limit as" ••• the water 
content below which fUrther loss or water by evaporation does not result 
in a reduction in volume." This definition would indicate that point D 
actually represents the shrinkage limit. It has been found however, that 
since the volume change between points B and D represents less than 5~ or 
the total ahrinkage, it is convenient rroa a mathematical view point to 
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define the shrinkage limit as the moisture content at the intersection of 
the extensions of lines AB and DE. Since the soil is considered to be sat-
urated at any point along line AB, it follows then that the soil is still 
saturated at the shrinkage limit (point C). Although the difference between 
the physical and mathematical definitions of the shrinkage limit seems in-
significant at this point in the discussion, it will take on considerable 
importance when the structure of the soil undergoing shrinkage is con-
sidered. 
In the field of soil mechanics today, the shrinkage limit is com-
puted from the following equation: (12 ) 
where; 
SL = w- ( V- Vo ) x 100 
Wo 
SL is the shrinkage limit in percent 
( 1 ) 
w is the initial moisture content of the soil in percent 
V is the initial volume of wet soil in cubic centimeters 
V0 is the volume of oven dried soil in cubic centimeters 
W0 is the weight of oven dried soil in grams 
Note that in this equation the quantity (V - V0 )Gw is the weight of water 
lost during drying and is assumed to be equal to the volume loss times the 
unit weight of water, where Gw=1 • 
It is evident from examination of equation (1) that only points A 
and E are necessary for determining the shrinkage limit. No considerat~on 
is given to the actual shape of the shrinkage curve. While much research 
has been done on the effects of chemical additives on a clay soil, little 
evidence has been presented on the shape of the shrinkage curves obtained 
from these investigations. The actual shrinkage limit could, in fact, be 
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much difterent from the computed value if the shape of the shrinkage curve 
does not correspond to the theoretical curve shown in Figure 5. Shrinkage 
tests conducted b,y Haefeli and Amberg (13) indicate that the shrinkage 
curve of a clay soil can differ from the theoretical curve. In the un-
treated soils they tested it was found that the slope of the observed 
shrinkage line was always somewhat less than the slope calculated theo-
retically. 
Investigations conducted on the effects of exchangeable ions on clay 
soils have shown that the value of the shrinkage limit can be altered ap-
preciably. In general it has been found that the shrinkage limit of a clay 
soil can be raised by flocculating the soil and lowered by dispersing it.<14:) 
The question which arises here then is, what changes in the shrinkage mech-
anism take place to alter this physical property of the soil? This paper 
will illustrate the effects of dispersion and flocculation on the shrink-




A. Scope of the Investigation 
In order to get a clear picture of the effects of structure on the 
shrinkage of a clay soil tests were conducted on untreated, chemically 
flocculated, and chemically dispersed samples. Along with the effects of 
structure, changes caused by de-airing and differences in drying temper-
ature were also observed. An outline of the range of tests performed is 
given below; 
Series 1 - Untreated samples, not de-aired, dried at 105° C. 
Series 2 - Untreated samples, not de-aired, dried at 30° c. 
Series 3 - Untreated samples, not de-aired, dried at 195° C. 
Series 4 - Untreated samples, de-aired, dried at 105° c. 
Series 5 - Flocculated samples containing 4~ calcium hydroxide 
by dry weight of solids, de-aired, dried at 105° C. 
Series 6 - Flocculated samples containing 2' calcium hydroxide 
by dry weight of solids, de-aired, dried at 105° c. 
Series 7 - Flocculated samples containing 0.75~ calcium hydroxide 
by dry weight of solids, de-aired, dried at 105° C. 
Series 8 - Dispersed samples containing 1 .5~ sodium hexameta-
phosphate by dry weight of solids, de-aired, dried at 
30° c. 
Series 9 - Dispersed samples containing ~ sodium hexa meta-
phosphate by dry weight of solids, de-aired, dried at 
30° c. 
B. Soil Description and Properties 
The soil used in this investigation was a red, highly plastic, in-
organic clay, taken from the floor of ~ Cave, located one mile north or 
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U.S. 66 in the vicinity of Clementine, Missouri. Prior to testing a large 
sample of this soil was air dried and that portion of the material pass-
ing the #40 sieve was used in all tests. Preliminary tests conducted on 
the untreated soil produced the results listed in Table I. The data on 
the mineral constituents of the soil was obtained by X-Ray diffraction 
methods. (15) 
C. Experimental Procedures 
Wherever possible the procedure for the standard shrinkage limit 
test (ASTM Designation D427-39) was followed. The most significant de-
parture from the standard test was the use of large bar type molds in 
place of the small monel or porcelain shrinkage dishes. The two molds 
used were fabricated of thin gage sheet metal. The dimensions of the 
molds are given in Table II. 
The use of these non-standard molds was justified for the following 
reasons. It was determined that the use of the mercury immersion method 
of measuring the soil volume was unsatisfactory for this investigation. 
Accurate plotting of the shrinkage curves required many volume deter-
minations of the same sample during testing. Repeated immersion in mer-
cury caused rapid deterioration and cracking of the samples. The only sat-
isfactory method of making numerous determinations of the sample volume 
was by direct measurement of its linear dimensions. The inaccuracy in-
herent in measuring the linear dimensions of the sample was compensated 
for by making the molds large enough so that any error in volume would 
represent only a small percentage of the total volume. 
All samples were prepared in basically the same manner. A certain 
quantity of air dried soil sufficient to fill a particular mold was 
weighed. In the oase of the treated soils any additive was then thor-
oughly mixed with the dry soil at this time. A quantity of water was then 
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TABLE II. SHRINKAGE MOLD DIMENSIONS 
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added to the soil (or soil-chemical mixture) sufficient to make the water 
contents of the sample approximately 80-85~. The soil and water were then 
placed in a mechanical mixer to insure uniform and thorough wetting of all 
particles and to distribute the chemical additive throughout the system. In 
all cases this mechanical mixing was performed for 15 to 20 minutes. 
After mixing the sample was placed in a mold which had been pre-
viously lubricated with silicon stop cock grease. The soil was placed in 
each mold in five equal layers. After placing each layer the mold was tap-
ped seve~al times on a hard surface to remove as many air bubbles as poss-
ible. This procedure was continued until the mold was completely filled. 
At this point the excess soil was removed from the top of the mold by 
striking it off level with a straight edge. The mold and soil were then 
weighed. 
Samples which were not de-aired by special means were then placed 
aside and allowed to air dry at room temperature for 24 hours. Those sam-
ples which were to be de-aired were placed in a vacuum jar and allowed to 
remain there under reduced pressure for 15 minutes. The weight of these 
samples was again recorded after de-airtng as well as any changes in vol-
ume which may have occurred due to air loss. The de-aired samples were 
then set aside to dry at room temperature for 24 hours. After air drying 
the weight and volume of each sample was again measured. 
After air drying, samples in test series 1,4,5,6 and 7 were placed 
in an oven to be dried at 105° C. The samples were removed from the oven 
at periodic intervals (usually 15 to 20 minutes) and the weight and vol-
ume measured. This procedure was continued until the samples reached con-
stant volume. The samples were then allowed to oven dry for an additional 
18 hours to remove any water remaining. 
Test series 2 and 3 were run to determine the effects or dr71ng 
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temperature on the shrinkage process. The sample in series 2 was allowed 
to air dr.y completely at room temperature (approximately 30° c.) to con-
stant volume. The sample weight and volume were measured every 5 to 6 hours. 
After the sample reached constant volume it was oven dried at 105° C. for 
24 hours to remove any remaining water. The series 3 sample was tested in 
the same manner as the series 1 samples except that the oven temperature 
was set at 195° C. during the test. 
The dispersed samples in series 8 and 9 could not be oven dried. 
Placing these samples in an oven at 105° c. for even short periods of time 
caused severe warping and cracking. In order to obtain data on the shrink-
age characteristics of these dispersed samples it was necessary to air dr.y 
them at room temperature in a manner similar to test series 2. After 
reaching constant volume these samples could then be oven dried completely 
at 105° C. 
It was stated earlier that the volume of each sample was computed 
from its linear dimensions. Measurements of these linear dimensions were 
accomplished using a machinist's steel rule accurate to one sixtyfourth 
of an inch. The measurement of each dimension was taken at 4 to 6 differ-
ent po'nts on each side of the sample. The average dimensions were then 
found and converted from inches to centimeters. Initially, when the soil 
sample was too wet to handle, only the length and width at the top of the 
mold could be measured directly. The depth of the sample was computed 
from the difference between the top of the sample and the top of the mold. 
As the sample dried a point was reached when it could be removed from the 
mold for each volume determination. All linear dimensions could then be 
measured directly. 
This method of volumetric measurement is used extensively in the 
ceramics industr,y. Clews(?) iuggests this method for determining the 
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drying-shrinkage of clays. He states that "because the percentage contrac-
tion in each of the three directions at right angles is seldom the same, 
and clay test pieces may warp when they dry, there are gpod reasons tor 
preferring volumetric shrinkage to linear shrinkage." The reasons for elim-
inating the volumetric method have been discussed previously. Except tor 
the slight curvature imparted to the dispersed samples, warping was not a 
problem in this investigation. The warping of the dispersed samples was 
compensated for b.1 matching the curvature or the flexible steel rule to 
that or the sample. 
D. Results 
1. Untreated Samples 
A typical shrinkage curve for samples tested in series 1 is shown 
in Figure 6. The test data for this particular curve is given in Table 
III. The results of additional tests conducted in this series are given 
in Appendix A, Tables X through XIII. 
Point 1 on the curve represents the initial volume and moisture con-
tent or the sample immediately after mixing. Point 2 represents the con-
ditions after air drying for 24 hours. It was noted, that in all tests 
in this series, point 2 consistently fell {within the limits of exper-
imental error) on the theoretical shrinkage curve. Up to this point the 
volume change of the sample was equal to the volume of water lost. Beyond 
this point however, a marked departure from the theoretical shrinkage 
curve was noted. Placing the sample in the oven at 105° C. caused the ob-
served shrinkage curve to drop below the theoretical curve. Again, this 
observation was consistent for all tests in this series. This meant in 
6ffect that the sample was losing volume at a faster rate than it was loos-
ing moisture. Continued drying at 105° c. caused points on the observed 
line to tall further below the theoretical line until they eventually 
24 
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FIGURE 6. TYPICAL SHRINKAGE CURVE FOR UNTREATED SOIL. NOT DE-AIRED. DRIED 
AT 105° C. (Test 1e) 
TABLE III. TEST DATA FOR UNTREATED SOIL. NOT DE-AIRED. DRIED AT 105° C. (Test 1e) 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME SOIL VOLUME VOIDME WEIGHT CONTENT CONTENT (minutes) (grams) (cc) (cc) (grams) (grams) (~) 
After mixing 148.92 100.0 68.34 84.8 
0 137.97 88.9 11 .1 10.95 57.39 71 .2 
15 136.31 86.5 2.4 1.66 55.73 69.2 
30 133.19 79.5 7.0 3.12 52.61 65.3 
45 129.27 75.8 3.7 3.92 48.69 60.4 
60 126.01 72.3 3.5 3.26 45.43 56.4 
75 122.31 69.5 2.8 3.70 41.73 51 .8 
90 118.68 65.5 4.0 3.63 38.10 47.3 
105 114.94 62.0 3.5 3.74 34.36 42.6 
120 111.27 58.8 3.2 3.67 30.69 38.1 
135 107.94 55.5 3.3 3.33 27.36 33.9 
150 104.26 52.2 3.3 3.68 23.68 29.4 
165 1 01 .21 50.5 1. 7 3.05 20.63 25.6 
180 98.63 48.3 2.2 2.58 18.05 22.4 
225 90.11 45.0 3.3 8.52 9.53 11.8 
240 88.09 45.0 0 2.02 7.51 9.3 
270 85.82 45.0 0 2.27 5.24 6.5 
300 83.92 45.0 0 1.90 3.34 4.1 
1440 80.58 45.0 0 3.34 0 0 
25 
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leveled orr into a straight line which converged on the theoretical line. 
The observed line then curved to a horizontal position as constant vol-
ume was reached. 
According to the present theory the extension of the theoretical 
shrinkage line will intersect the ordinate of the curve at a volume equal 
to the volume or solids in the original sample. The volume or solids may 
be computed for a~ sample b,y the following expression; 
where; 
Vs is the volume of solids 
Ws is the weight or oven dry solids 
Gs is the specific gravity of solids 
Gw is the unit weight of water 
(2) 
Since the volume or solids must be the same for the sample regard-
less or the shrinkage path obtained, it follows then that the point on 
the ordinate representing the volume of solids must be common to both 
shrinkage lines, 
The location or point 1 may vary considerably depending on the pro-
cedures used to mix the sample, The assumption that the sample is satur-
ated at this point may not be valid. In fact, it will be shown in sub-
sequent tests that, de-airing may remove as much as Jcc or air from a 
sample. Even de-airing a sample in a vacuum jar does not remove all the 
air present in the sample. It does not seem likely therefore, that con-
sistent results can be obtained by assuming that the theoretical shrink-
age line is a line drawn downwards at 45° from point 1. More consistent 
results will be obtained if the theoretical line is drawn upward at 45° 
from the point representing the volume of solids obtained from equation 
(2). The intersection of the theoretical line and a line drawn vertically 
downward from point 1 will then indicate the actual initial point of sat-
uration for this curve. The difference between the measured initial point 
and the theoretical point is the volume of air originally present in the 
sample after mixing. 
Except for the first two or three points beyond point 1 a straight 
line could be drawn between the volume of solids and the majority of ob-
served points. The resulting observed shrinkage curve is a straight line 
with a slope somewhat less than the theoretical line. These results com-
pare closely with the results obtained by Haefeli and Amber(1 J) which 
were mentioned previously. The angle or the observed shrinkage line is 
4J0 with the horizontal as compared with 45° for the theoretical curve. 
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It should be noted that the theoretical shrinkage limit obtained was 18 .1 tf, 
whereas the shrinkage limit obtained from the observed shrinkage curve 
was 19 .4tf,. The observed shrinkage limit differs from the value obtained 
from equation (1) by 1 .'JI,, representing a percent difference between the 
two values or 6. ?tf,. 
The drop in the observed shrinkage line below the theoretical line 
is difficult to explain satisfactorily. Since any point on the theoretical 
line represents 1 ootf, saturation in the sample, it follows that any point 
above the line represents somewhat less than 1 0~ saturation. However, 
points below the theoretical line represent a condition of "super-saturation"; 
that is, a condition where the S8.11ple is more than 1 0~ saturated. Since 
the sample cannot contain more water than the void spaces available to hold 
this water, it is physically impossible for this situation to occur, un-
less free water were present on the sample or in the sample mold. Careful 
exaaination of all saaples showed no evidence of tree water existing dur-
28 
ing the drying process, on the exterior surfaces of the soil sample. 
In order to study this condition of "super-saturation" more closely 
it was decided to investigate the effects of de-airtng the samples and 
varying their drying temperature. Further discussion on this problem is 
presented in the analysis of test series 2, 3, and 4. 
In order to determine the effects of varying the drying temperature 
on an untreated sample, a sample which had not been de-aired was dried 
at 30° C. The data obtained from this test is given in Table IV and the 
resulting shrinkage curve is shown in Figure 7. In this test perfect 
correlation was obtained between the theoretical shrinkage and the ob-
served shrinkage. It is obvious from the results of this test that dry-
ing temperature and rate of drying have a marked effect on the shrinkage 
characteristics of the soil. The problem of the observed shrinkage curve 
dropping below the theoretical curve was completely eliminated in this case. 
A further attempt at varying the drying temperature was made in test 
series 3 on the untreated soil. A sample which had not been de-aired was 
dried at 195° c. Unfortuneately the rapid drying rate established during 
this test set up large internal stresses in the sample due to the moisture 
content gradient between the center and the surface. All samples developed 
large cracks making further testing along these lines impossible without 
equipnent capable of controlling the humidity of the air surrounding the 
sample. No data for this series of tests is presented here. 
The effects of de-airing an untreated sample and drying it at 105° c. 
was studied in test series 4. The results obtained from this series of tests 
are given in Appendix A, Tables XIV through XVII. It should be noted that 
in two of the four tests run in this series the "super-saturation" effect 
was completely eliminated , while in the other two tests it was greatly 
reduced. 
TABLE IV. TEST DATA. FOR UNTREATED SOIL. NOT DE-AIRED. DRIED A.T 30° C. 
{Test 2) 
WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT 
{grams) (cc) (cc) (grams) {grams) (~) 
148.47 1 oo.o 67.35 83.0 
145.28 96.5 3.50 3.19 64.16 79.1 
143.07 94.3 2.20 2.21 61 .95 76.4 
1 )4.40 85.2 9.10 8.67 53.28 65.7 
130.84 81.2 4.00 3.46 49.82 61.4 
129.01 79.5 1.70 1.83 47.99 59.2 
120.04 71.4 8.10 8.97 39.02 48.1 
118.50 69.5 1.90 1.54 37.48 46.2 
109.42 60.0 9.50 9.08 28.30 35.0 
105.00 55.5 4.50 4.42 23.98 29.6 
96.14 46.8 8.70 8.86 15.12 18.6 
94.00 45.2 1.60 2.14 12.98 16.0 
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FIGURE 7. TYPICAL SHRINKAGE CURVE FOR UNTREATED SOIL. NOT DE-AIRED. DRIED 
AT 30° C. (Test 2) 
The effects of de-airing the sample and varying the drying temp-
erature were each investigated separately. It was now necessary to ob-
serve the effects of both these changes on one sample. To do this a 
special test was devised. The sample was mixed and de-aired as usual and 
then allowed to air dry for 24 hours. It was then placed in the oven at 
0 105 C. for a short period of time. Upon removal from the oven the sam-
ple weight and volume were measured. The sample was then allowed to cool 
to room temperature in a high humidity container to retard evaporation. 
After cooling the weight and volume were again measured and the cycle re-
peated. The results of this test are shown in Figure 8. The shrinkage 
curve resulting from this test shows more dramatically the effects of 
temperature on the sample. Drying at 105° C. resulted in a greater loss 
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in volume with less loss of moisture. Conversely, drying at 30° C. resulted 
in a greater loss in moisture than volume loss. 
Although there are many variables which have not been investigated 
such as the effects of vapor pressure in the soil voids, air present in 
solution in the water, and other factors, an attempt will be made to ex-
plain the reason for the observed shrinkage curve being below the theoret-
ical curve based on the information previously presented. 
When a sample of untreated soil is mixed and allowed to air dry at 
room temperature, the temperature on the inside of the sample is approx-
imately equal to the temperature on the outside of the sample. Since there 
is only one surface of the sample exposed to the air initially all evap-
oration will take place from this surface. The water in the interior of 
the sample must be transferred to this surface to maintain equilibrium 
within the system. The rate of evaporation from the surface is nearly 
equal to the rate of transmission of water from within, although a slight 
moisture content gradient may exist throughout the sample as shown in 
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FIGURE 8. EFFECTS OF VARYING THE DRYING TEMPERATURE OF UNTREATED SOIL. 
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Figure 4. Since the shrinkage of the sample is related to its moisture 
content the differences between the shrinkage at the surface and in the 
interior of the sample will be small. The shrinkage actually begins right 
at the surface of the sample. As the sides and edges of the sample recede 
from the mold additional surface area is exposed for evaporation. The temP-
erature, moisture content, and viscosity of water in the sample at this 
time are shown in Figure 9a. 
When the sample is placed in an oven at 105° c. a sudden temperature 
difference occurs immediately between the outside of the sample and the 
inside (Figure 9b). The rate of evaporation from the surface increase& 
sharply, and according to Haefeli and Amberg(13) the menisci originally 
formed at the surface may actually withdraw slightly into the sample. The 
viscosity of water decreases with rise in temperature and it follows there-
fore that the transfer of water from the interior of the sample to replace 
that lost by evaporation should proceed more easily at higher temperatures. 
However, the change in evaporation rate is reali~ed more rapidly since it 
takes a considerable length of time for the heat to be transferred into 
the center of the sample. The rate of decrease in viscosity will lag behind 
the rate or increase of evaporation causing the evaporation rate to exceed 
the transmission rate. The moisture content gradient between the surface 
and interior or the sample will increase and the surface will shrink more 
than the interior. This differential shrinkage is noticeable upon exam-
ination of the sample. The top surface is smaller in area than the bot-
tom surface and the sides and edges of the sample slope inward toward the 
top. 
If the sample is left in the oven tor a short period or time the 
temperature in the interior or the sample will increase to some inter-
mediate value (Figure 9c). The moisture content gradient ~11 decrease as 
TElfPERA TORE MOISTURE VISCOSITY OF 
DRYING CONDITIONS coc) CONTENT WATER (dynes/cm2) 
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FIGURE 9. VARIATION OF TE}IPERATURE, MOISTURE CONTENT, AND VIS-
COSITY OF WATER DURING DRYING. 
more water from the center of the sample is able to reach the surface 
faster. The shrinkage rate of the interior of the sample will increase 
as it los~s more water while the shrinking rate of the surface remains 
about constant. 
Removing the sample from the oven and allowing it to cool to room 
temperature causes the rate of evaporation from the surface to decrease 
immediately (Figure 9d). The water at the center of the sample being at 
a higher temperature will be less viscous and can be transmitted to the 
surface more rapidly. The moisture content gradient throughout the sam-
ple will become less as the system attempts to regain equilibrium. The 
shrinkage of the bottom of the sample will increase in an attempt to 
"catch up" with the surface shrinkage. 
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Finally, if the sample is allowed to heat in the oven until the 
temperature is 105° c. throughout the conditions shown in Figure 9e will 
exist. With no temperature gradient in the system the viscosity of the 
water at any point in the sample will be the same. There will be a slight 
moisture content gradient between the surface and the interior but the 
rate of evaporation will be more nearly equal to the transmission rate. 
More surface area will be exposed for drying which will also help to equal-
i~e the shrinkage. Since the shrinkage at the bottom of the sample was al-
ways less than that at the surface it cannot easily "catch up" even with 
constant temperature throughout the sample. Examination of all samples af-
ter testing always showed the bottom dimensions to be slightly greater 
than the surface dimensions. 
It is interesting to note at this point that the conditions shown 
in Figure 9 for the shrinkage phenomenon greatly resemble the conditions 
of stress existing in a soil sample under consolidation from an external 
load~ 1 6) In this case the sample is allowed to drain from only one sur-
face. The capillary stresses set up in the shrinkage sample correspond 
to the effective stresses causing consolidation. In the case of shrinkage 
the stresses are imparted to the soil internally by changes in tempera-
ture and drying rate rather than externally as in the consolidation test. 
A semi-logarithmic plot of sample volume versus drying time (Figure 10) 
bears a close resemblance to a consolidation-time curve except for the 
absence of secondary consolidation. 
The conclusions to be drawn from this analysis of the "dip" in the 
observed shrinkage curve are as follows; 
a. Differential shrinking is caused by a moisture content 
gradient throughout the sample. 
b. The differential shrinkage is dependent more on the rate 
of change of drying temperature than on the magnitude of the tem-
perature. 
)6 
c. The method of measuring the sample volume during the in-
itial phase of testing needs to be improved. The moisture content 
measured in the sample at any time represents the average moisture 
content between the interior and surface. The measurements made on 
the upper surface of the sample to determine its volume are made on 
the smallest dimensions rather than the average dimensions. When 
drying at higher temperatures the sample appears to lose more vol-
ume than water. If it is allowed to cool to room temperature the in-
creased shrinkage at the bottom cannot be measured, hence it appears 
to lo ·~s more moisture than volume. 
No mention has been made of the structure of the untreated soil 
thus far in this analysis. This is due to the fact that the degree of par-
ticles orientation (dispersed or flocculated) of the untreated soil is 
difficult to determine without some basis for comparison. Subsequent tests 
on treated samples will give some indication of the particle orientation 
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of the natural or untreated soil. It can only be assumed at this poirtthat 
because of the location and method of deposition of this soil, it may have 
been weakly flocculated during testing. Since the soil was deposited by 
water in close association with limestone it is reasonable to assume that 
a small concentration of calcium ions may have been present at the time of· 
testing. 
The results of tests performed on the untreated soil are given in 
Table v. The results indicate a slight variation betweeen the theoretical 
and observed shrinkage limits. The difference observed was 0.~ represent-
ing a percent difference of approximately 4.1~. These results are quite 
satisfactory since they fall within the range of allowable experimental 
error (5~ for this investigation). The final void ratio was found to be 
21.ot of the initial void ratio and represents a decrease in the orig-
inal volume of each sample tested of 53.6~. 
2. Flocculated Samples 
In test series 5 the soil was flocculated by the addition of 4~ lime 
(calcium hydroxide). All samples were de-aired and oven dried at 105° C. 
The shrinkage curves were plotted in the same manner as the curves for the 
untreated soil. Data from a typical test in this series is given in Table 
V~ The shrinkage curve corresponding to this data is shown in Figure 11 • 
The results from all other tests in this series are given in Appendix B,. 
Tables XVIII through XXIII. 
The difference between the observed shrinkage curves for the floc-
culated and untreated soil is quite apparent from examination of Figure 11. 
Instead of a straight line, the shrinkage curve for the flocculated sam-
ple takes on a step.like configuration. After air drying for 24 hours the 
first point on the curve, in most cases, plotted above the theoretical 
shrinkage line showing a a.aller decrease in volume than the correspond-
ing volume of water lost. Immediately after placing the sample in the 
oven a loss in moisture content;was measured with no apparent loss in 
volume. As drying continued the sample again lost volume in conjunction 
with its loss in moisture content until a point was reached where no 
further change in volume took place for a considerable loss of moist-
ure content. This series of steps continued until the final volume of 
the sample was reached and it was dried out completely. 
The effects of decreasing the concentration of calcium hydroXide 
was studied in test series 6 where only 2~ lime was added to the soil. 
The results of these tests are given in Appendix B, Tables XXIV and 
XXV. It should be noted that the shrinkage curves plotted for this 
series of tests have the same characteristic shape as the curves ob-
tained from series 5. 
A test was run with only 0.75~ lime to determine further the 
effects of decreasing the concentration of lime. The results of this 
test are given in Appendix B, Table XXVI. Here it should be noted that 
although the steP-like shape of the shrinkage curve still exists, it is 
much less pronounced than in the other two cases. 
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The unusual shape of the shrinkage curves obtained for the floc-
culated samples cannot be attributed to errors made in measurement of the 
sample volume. It was found that the sample could be removed from its 
mold in the early stages of each test. In contrast with the measurements 
made on the untreated soil, the measurements made on the flocculated soil 
represented the average dimensions of the sample for nearly the entire 
test. The steps appearing in the shrinkage curves are the result of some 
physical (or chemical) change imparted to the soil due to the addition of 
calcium hydroxide. It was noted previously, that the addition of calcium 
ions to the clay-water system would lower the surface energy of the clay 
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TABLE V. RESULTS FROM SHRINKAGE TESTS ON UNTREATED SAMPLES. 
THEORETICAL OBSERVED INITIAL VOID FINAL VOID 
SHRINKAGE SHRINKAGE RATIO RATIO 
TEST SERIES LIMIT LIMIT 
1a 19.0 20.8 2.31 0.513 
1b 19.7 21.0 2.24 0.529 
1c 18.6 19.9 2.28 0.498 
1d 18.9 19.6 2.27 0.494 
1e 18.1 19.4 2.30 0.485 
2 16.0 16.0 2.28 0.482 
3 No results available 
4a 18.2 18.2 2.31 0.483 
4b 17.6 18.6 2.27 0.476 
4c 18.8 19.5 2.29 0.510 
4d 21 .o 21 .o 2.33 0.564 
Average values 
for untreated 18.6 2.29 0.503 
samples. 
TABLE VI. TEST DATA FOR FLOCCULATED SOIL. DE-AIRED. DRIED AT 105° C. 
(Test 5g) 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT 
(minutes) (grams) (cc) (cc) (grams) (grams) (~) 
After mixing 149.76 1 oo.o 67.36 81.5 
After de-air. 149.01 98.5 1.5 0.75 66.61 80.7 
0 140.58 91.5 7.0 8.43 58.18 70.6 
20 139.30 91.5 0 1.28 56.90 69.0 
40 136.87 89.5 2.0 2.43 54.47 66.0 
55 134.67 87.0 2.5 2.20 52.27 63.3 
70 132.61 85.0 2.0 2.06 50.21 61.0 
85 130.37 83.2 1.8 2.24 47.97 58.1 
100 128.08 83.2 0 2.29 45.68 55.1 
115 125.48 83.2 0 2.60 43.08 52.2 
130 122.86 83.2 0 2.62 40.46 49.0 
145 120.49 83.2 0 2.37 38.09 46.2 
160 117.87 81 .3 1.9 2.62 35.47 43.0 
175 115.60 80.5 0.8 2.27 33.20 40.2 
190 113.22 78.6 1.9 2.38 30.82 37.4 
205 110.89 78.6 0 2.33 28,49 34.6 
265 102.44 73.6 5.0 8.45 20.04 24.2 
285 100.28 73.0 0.6 2.16 17.88 21.7 
315 97.23 71.5 1.5 3.05 14.83 18.0 
375 91.74 69.6 1.9 8.lJ, 9.34 11.3 
1455 82.40 69.6 0 9.34 0 0 
41 
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MOISTURE CONTENT (grams) 
FIGURE 11. TYPICAL SHRINKAGE CURVE FOR FLOCCULATED SOIL. DE-AIRED. DRIED 
AT 105° C. (Test 5g) 
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and cause the soil mass to floc~asshown in Figure 2b. Consider a three 
particle triangular unit removed from the flocculated soil mass as shown 
in Figure 12a. At each point of contact a bond exists between the pos-
itively charged edge of the particle and the negatively charged surface. 
There also exists a mutual attraction between the surface of each particle 
and the edges of the other two particles directly across from it. This mu-
tual attraction of particles has the effect of strengthening the struct-
ure, making it more resistant to collapse. 
Now consider the same three particles in a soil-water system as shown 
in Figure 12b. Each particle will be surrounded by a film of adsorbed water 
and the unit as a whole will enclose a void space filled with "normal" 
water. As drying takes place capillary stresses are set up which tend to 
pull the particles together. This capillary stress is inversely proportion-
al to the radii of the meniscii formed in the soil voids. Since the voids 
are larger in the flocculated soil than they are in the untreated soil the 
capillary stress set up may be less for any given moisture content. Initial-
ly this application of weaker capillary stress may actually strengthen the 
structure by increasing the attraction between the edges and surfaces of 
the particles.(17) As the stresses induced b,y drying become greater the 
strength of the bonds at the edges of the particles may be overcome and 
the structure may collapse. The particles will orient themselves into the 
low energy position shown in Figure 2a, producing a loss in volume of the 
sample. If, however, the structure is strong enough to withstand the stress-
es induced b,y drying it may be possible for the particles to remain in the 
higher energy position even after the gravitational water has all been re-
moved from the intervening void space. In this case the soil will lose 
moisture with a considerably smaller loss in volume. Since the degree or 
flocculation varies throughout the soil mass soae or the structure may 
Mutual attraction 
between particles 










FIGURE 12. FLOCCULATED SOIL STRUCTURE. (a) FORCES OF ATTRACT-
ION BETWEEN PARTICLES. (b) STRUCTURAL RESISTANCE TO DEFORMAT-
ION. (c) RANDOM NATURE OF STRUCTURAL COLLAPSE WITHIN THE SOIL 
MASS. 
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collapse under the induced stress while other portions of the sample may 
resist this particle reorientation. This random change in structure may 
explain the step-like configuration of the flocculated sample shrinkage 
curves (Figure 12c). 
The deformation of the flocculated structure is a function of the 
strength of the bonds between particles and the rate and magnitude of 
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the stress applied to the particles. The interparticle attraction is a 
function of the electrolyte in the system. The moisture content gradient 
existing in the soil has an effect on the electrolyte content in the voids. 
Since the moisture content in the center of the sample is higher than at 
the surface there will be a difference in the electrolyte content between 
these two points. As the sample dries the water in the interior is trans-
mitted to the surface. Hence, the quantity of electrolyte at the center 
of the sample is reduced while the surface is being constantly re-supplied. 
This phenomenon is similar to the leaching action which occurs during the 
formation of a marine sediment. An examination of each flocculated sample 
during testing revealed the accumulation of a white, flaky material at the 
surface. According to Trollope and Chan< 17), when the electrolyte is leach-
ed from the soil " ••• the interparticle attraction is progressively reduced 
and repulsive forces dominate." This reduction in interparticle attraction 
in combination with the stresses in the soil due to drying will cause the 
structure to collapse. 
It is interesting to note the similarity between the shrinkage curve 
obtained for the floccula.ted soil and the stress-strain relationship ob-
served by Trollope and Chan(17) for a soil of similar structure (Figure 1)). 
Their analysis is based on the effects of surface energy and structure on 
the stress-strain characteristics of a clay soil. The results they report-
ed shows a step-like stress-stain curve caused by a combination of inter-
particle attraction and structure of the soil. Although their tests involved 
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FIGURE 1 J. STEP - STRAIN BEHAVIOR OF A FLOCCULATED SOIL 
the application of external loads to the sample the analogy may still be 
made between their results and those obtained from shrinkage tests. 
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One further point should be brought out in connection with the effect 
of lime on the shrinkage characteristics of the soil, and that is the effect 
of cementation. According to Zolkov(18) the flocculation of a clay soil by 
the addition of lime may " ••• be ascribed to increased interparticle attrac-
tion but a simpler and probably more correct explanation would be that as a 
result of hardening, the mixtures acquired a new texture." He goes on fur-
ther to say that hardening of soil-lime mixtures was found to have taken 
place after approximately one month. Since all tests conducted with lime in 
this investigation were completed within 48 hours, it seems unlikely that 
hardening had much effect on the results obtained. 
The results obtained from tests in series 5, 6, and 7 are given in 
Table VII. The theoretical shrinkage limit was computed using the standard 
method. The observed shrinkage limit was computed on the basis of Terzaghi's 
definition, that is, the moisture content below which there was no further 
loss in volume with continuing drying. When 4~ lime was added the two 
shrinkage limits differed by 33.2~ representing a percent difference of 74~. 
When 2~ lime was added the two shrinkage limits differed by 2~ representing 
a percent difference of 7~. For the series where 0.75~ lime was added the 
shrinkage limits differed by 6.~ representing a percent difference of only 
27.~. It is obvious that the differences between the observed and theoret-
ical shrinkage limits decreases as the percentage of lime decreases. In all 
oases however, the difference between the two values is quite significant. 
A comparison of the flocculated soil with the untreated soil shows 
an increase in the theoretical shrinkage limit after flocculation. The 
results compare quite well with the results obtained by Zolkov( 18). How-
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ever, an examination of the shrinkage curve shows that the soil does not 
stop shrinking at the moisture content representing the theoretical shrink-
age limit. It does in fact continue shrinking to a moisture content even 
lower than that of the untreated soil. This situation could explain the 
reason for the lack of correlation between the shrinkage limit and other 
soil properties. If the shrinkage limit is computed from the standard equa-
tion without regard for the structure of the soil or the shape of the 
shrinkage curve, rather misleading results of the shrinkage limit or the 
soil may be obtained. Consider again the idea of predicting the swelling 
potential of a clay based on its shrinkage limit. Seed, Woodward, and 
Lundgren (19) object to the shrinkage limit as a criterion.of swelling po-
tential because, " ••• when the shrinkage limit is used as an index or swell-
ing potential, it is usually considered that higher values (greater than 
approximately 14) are indicative of non-swelling soils, yet soils contain-
ing high proportions of montmorillonite (and therefore possessing high ex-
pansion characteristics) can have values much higher than 14. 11 It has been 
shown from the results of tests on flocculated samples that the shrinkage 
limits obtained from the standard equation are well above 14~. Seed, Wood-
ward, and Lundgren would probably conclude, based on the value of the com-
puted shrinkage limit, that this soil would be non-swelling. This conclus-
ion would be correct since it is doubtful that this highly flocculated soil 
would exhibit much swelling potential .• However, this conclusion would be 
based on a meaningless value of the theoretical shrinkage limit, which is 
not at all consistent with the true shrinkage limit of the soil. The true 
shrinkage limit of somewhat less than 14~ cannot be used as a criteria 
for the prediction of swelling potential since it would be indicative of a 
high swelling soil. This discussion leads one to conclude that the shrink-
age limit, especially for a flocculated soil, is not a good measure or the 
TABLE VII. RESULTS FROM SHRINKAGE TESTS ON FLOCCULATED SAMPLES. 
THEORETICAL OBSERVED INITIAL VOID FINAL VOID 
SHRINKAGE SHRINKAGE RATIO RATIO 
TEST SERIES LIMIT LIMIT 
.5a 43.7 9.9 2.30 1 .21 
5b 38.5 8.3 2.28 1 .12 
5c 49.7 16.1 2.27 1.36 
5d 45.9 9.1 2.20 1.23 
5e 45.6 12.7 2.26 1.24 
5f 45.7 11 • 3 2.22 1.24 
5g 45.7 14.2 2.22 1 .21 
Average values 
for 4~ lime. 44.9 11.7 2.26 1.23 
6a 40.2 11.6 2.26 1.08 
6b 42.7 13.3 2.24 1.11 
Average values 
for 2~ lime. 41.5 12.5 2.25 1.09 
7 22.6 16.3 2.30 0.580 
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swelling potential of the soil. The randomness of structural collapse in 
a flocculated sample may cause even the true shrinkage limit to vary con-
siderably. Changes in the value of the true shrinkage limit can be brought 
about by varying drying temperature, drying rate, or time of drying. 
3. Dispersed Samples 
Samples tested in series 8 were treated with 1 .5~ Calgon (sodium 
hexa metaphospate) in order to disperse the soil. The tendency for the 
samples to shrink very rapidly precluded oven drying at 105° C. All sam-
ples were dried to constant volume at 30° C. Since the drying temperature 
was constant throughout the entire test the observed shrinkage limit corr8 _ 
sponded exactly to the theoretical shrinkage limit. The results of tests 
in this series are given in Appendix C, Tables XXVII and XXVIII. 
In series 9 the soil was dispersed using a concentration of ~ Cal-
gon. Results similar to those of test series 8 were obtained and are given 
in Appendix C, Tables XXIX and XXX. 
The correlation between observed and theoretical shrinkage for the 
dispersed samples can be attributed mainly to the low temperature at which 
they were dried. These results are similar to those obtained from the un-
treated soil in test series 2. The most important information obtained 
from the tests on dispersed samples is the change in the shrinkage limit 
caused by the addition of the dispersing agent. The values of the shrink-
age limits obtained are shown in Table VIII. As might be expected, the 
shrinkage limit for the dispersed soil was found to be lower than the 
value obtained for the untreated soil. Since in the dispersed soil the par-
ticles are oriented as shown in Figure 2a the structure of the soil does 
not interfere with the loss of volume during the shrinkage process as 
it did in the case of the flocculated soil. The particles are therefore 
able to move as close together during drying as the repulsive force bet-
ween their surfaces will allow. 
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TABLE VIII. RESULTS FROM SHRINKAGE TESTS ON DISPERSED SAMPLES. 
THEORETICAL OBSERVED INITIAL VOID FINAL VOID 
SHRINKAGE SHRINKAGE RATIO RATIO 
TEST SERIES LIMIT LIMIT 
8a 1 ).8 1 ).8 2.21 0.)67 
8b 14.2 14.2 2.20 0.)77 
Average values 
for 1 .5~ calgon. 14.0 14.0 2.20 0.)72 
9a 14.6 14.6 2.28 0.)80 
9b 1 ).8 1 ).8 2.)0 0.)64 
Average ~alues 
for % calgon. 14.2 14.2 2.29 0.)72 
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E. Comparison of Results 
A comparison of the values of shrinkage limit and void ratio for 
the treated and untreated samples is shown in Table IX. The plot of 
theoretical shrinkage limit versus percent additive is shown in Figure 
14. This curve is in complete accord with the presently accepted theory, 
that is, the shrinkage limit of a soil may be increased by flocculation 
and decreased by dispersion. It is interesting to note that for this 
particular soil an increase in lime content up to about 2~ causes a large 
change in the theoretical shrinkage limit. Beyond 2~ the changes in the 
shrinkage limit are small in comparison to the amount of lime added. The 
addition of Calgon to this soil produces only small changes in the theo-
retical shrinkage limit from the value obtained for the untreated soil. 
The plot of observed shrinkage limit versus percent additive shows 
that the addition of both lime and Calgon to the soil causes a decrease 
in the actual shrinkage limit (Figure 15). These results are quite diff-
erent from those expected at the beginning of this investigation. 
The plot of the ratio of the final void ratio of the sample to its 
initial void ratio versus percent additive is shown in Figure 16. The re-
sults obtained here were as expected. The flocculated soil because of the 
resistance of its structure did not shrink as much as the untreated soil, 
and was actually able to maintain some of its structure even after being 
completely dried. The dispersed soil because of its initial particle or-
ientation was able to shrink more than the untreated soil. 
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TABLE IX. COMPARISON OF RESULTS FOR TREATED AND UNTREATED SAMPLES. 
INITIAL FINAL 
THEORETICAL OBSERVED VOID VOID e 
SHRINKAGE SHRINKAGE RATIO RATIO ..: X 100 (~) 
SAMPLE LIMIT LIMIT eo er eo 
Untreated 18.6 19.4 2.29 0 • .503 21.0 
Flocculated 
0.7.5~ lime 22.6 16.3 2.30 0 • .580 2.5.6 
Flocculated 
2.~ lime 41 • .5 12.5 2.25 1.09 48.5 
Flocculated 
4.of, lime 44.9 11.7 2.26 1.23 54.5 
Dispersed 
16.9 1 • .5~ calgon 14.0 14.0 2.20 0.372 
Dispersed 
3.~ calgon 14.2 14.2 2.29 0.372 16.3 
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FIGURE 15. OBSERVED SHRINKAGE LIMIT VERSUS PERCENT ADDITIVE 
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FIGURE 16. RATIO OF FINAL TO INITIAL VOID RATIOS VERSUS PERCENT ADDITIVE 
IV. CONCWSIONS 
Based on the results obtained during this investigation it :ea~ be 
concluded that structure has significant effects on the shrinkage char-
acteristics of a clay soil. These effects may be summarized as follows; 
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1. The structural resistance inherent in a flocculated soil may 
cause it to behave quite differently during drying than predicted by 
theory. The departure of the actual shrinkage curve from the theoretical 
curve gives rise to two values for the shrinkage limit. The one value 
computed from the standard equation will always be higher than the value 
for the untreated soil. This value of the shrinkage limit does not corre-
spond to the physical property of the soil. The true shrinkage limit ob-
tained by a detailed analysis of the shrinkage curve will differ greatly 
from the computed value. This true value is extremely variable due to the 
sensitive and random nature of the structure set up within the soil. Slight 
alterations in test procedure can cause the true shrinkage limit to vary 
considerably. In most cases the true shrinkage limit of the flocculated 
soil is lower than the shrinkage limit of the untreated soil. 
2. The shrinkage curve for a dispersed soil seems to compare close-
ly to the theoretical curve. Initial particle orientation in a dispersed 
sample will cause it to shrink more than an untreated sample and the 
shrinkage limit of the soil will decrease. 
). Although the structure of the soil has a considerable effect on 
its shrinkage characteristics all deviations from the theoretical concept 
of drying and shrinkage should not be attributed to structure. Drying tem-
perature and drying rate have a marked effect on the shape of the shrink-
age curve and these effects should be differentiated from those of struct-
ure. 
It seems unlikely that soils encountered in the field would ever 
have the same well developed structure as that established in the lab-
oratory. The present shrinkage limit test is therefore satisfactory for 
obtaining reasonable values of this soil property. However, some soil 
property, as yet not thoroughly investigated, may be greatly influenced 
b.1 even slight structural changes within the soil. For this reason the 
effects of structure should assume an important role in the search for 
better methods of predicting the engineering properties of soils. 
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SHRINKAGE TEST RESULTS FOR UNTREATED SAMPLES 
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TABLE X - DATA FOR TEST 1a 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT (minutes) (grams) (cc) (cc) (grams) (grams) (~) 
After mixing 149.33 1 oo.o 68.86 85.6 
0 135.38 86.8 13.2 13.95 54.91 68.2 
15 133.87 86.4 0.4 1 .51 53.40 66.4 
30 130.87 78.0 8.4 3.00 50.40 62.6 
45 126.62 72.5 5.5 4.25 46.15 57.4 
60 122.75 70.0 2.5 3.87 42.28 52.5 
75 118.90 64.0 6.0 3.85 38.43 47.8 
90 115.32 61.5 2.5 3.58 )4.85 43.3 
150 99.76 55.0 6.5 15.56 19.29 23.9 
180 94.31 46.0 9.0 5.45 13.84 17.2 
210 90.26 45.7 0.3 4.05 9.79 12.2 
270 84.90 45.7 0 5.36 4.43 5.5 
330 82.77 45.7 0 2.13 2.30 2.9 
390 81 .24 45.7 0 1.53 0.77 1.0 
450 80.93 45.7 0 0.31 0.46 0.6 
510 80.79 45.7 0 0.14 0.32 0.4 








~ {I) ~ 
I c:::: ~ 0 
E; 0 z 
t;xj ~ 











SA1-1PLE VOLUNE ( cc ) 
_. 
N :~ -~ CO 0 
0 0 ~b 0 C> C'"'> 
0 ~ m1Effi1:~* futllif ~" ~ · 't' cm4frr:tt~trmmt: -:_i':: ? ~L' 1•-· ~::, ' '" ' ·. J .... ,,r .: r r ' H ~ ~~ . ! 1-- ; ,.,. ' iL . li'Fif rn: l!!L ~-:: · ~r· . _;i:f;: I ' .I 1-++~+f~·- ·· ..... ... + !-i · i; .~: .L. ·i · l§ill' i r-T ::-rrJTG I I I I I -'~ -·-+--j HTtrr"" ' · ::: :c"n ~t-i• HH [tit ' 1 -..: 't T Y~Jdfi:f =i•·- :.rt; .lrl :.p·; ·:! · fi 1• ·I · · !· ~-lEE ~:~i~:-~:f ~:iiiruH mf i¥i I~i~~ -: ~~~:1~H $t~ill HH ;H~ ~:-~ ~~!: ', ! : ~: 1i;:~+li:~ 
N r--;- . ! • ... ... .... ' ... ·~ L; . 'l ·';:j.[ ·••• .4 l ~. '. [ t ' ' 'f: ·~. I ffi_.:t - ~ ~ ·.!:. · . H . .l.- I r _ ~i t +-_r_l i ! \j I • ttt\l i r .. t h:n . 
o fJtffit~ l ;l: fr~ :r:; ~t=i r ~~H +rd rtr Hv= -,~~r~·. ·:; 1tit :rtri~ttD i~-I[ ~ ; ;~ - ~ ,_ ~Flt:ii!r 1 ; -~. , . t+tl±~~ L:s.::: - f'M\. hF ;~L~ri ~~;rH t~rrrr·+rt", ~· :·f ~ttH~~: 'ti· ~;~: ;-~t+M+~i= ~~~~-+-=- ~  L:~~/~i~~~~; ~rl ~~11~rEf1 t i ::· ~ ~!~~ : , ~l~~ HH }~~ ftr;-t!!flt J~ E~~' :::~ :;:~ >: -' 
lftfj4ltti .,.,n +..,.·.,· t·rl-: -_:H-l tTl, P[! l rlt.'i )UlT 1"2' ~,,,~-, ' !,_ ftlt -r-t-t· '' " .' ·t'T' "' '') '' .:: ill:, 
"; ';• " ,, , -- · --: 1.;.:;:.;:: =~tm :~ .;:.' .. ~ 'ff+-:.~ :nt ' ~;.H ;p :.,;~ rTiT! r;~: ,t+r et.:_~:: ': .. :: . :: : ~ ~ft~ tf11 1 'fft }:-~; Hr ·rn: r ~;~; ·: H 1 ~ri~ rlr ~tH [fiT ±H~N'Sz tttt ftti rf!ttm 1J: r :T~ l!l;; 0 ffif[~F > :, l:z: :.t.it ::::c-;-+ ;;:~ j~" :":: :~t' :i f !rf~ I !~>R ;·r;: : ·;~_ ::;; ; :~::;'::: ~·: · ~·;n :. _-tt~ f<ffi• 'fi :ml :q i5 ml t.: ti:~ tlit fffj ~~t s- 1*~' l'dl + '' .• ! •. 




TABLE XI - DATA FOR TEST 1 b 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT 
(minutes) (grams) (cc) (cc) (grams) (grams) (~) 
After mixing 150.53 1 oo.o 68.31 83.1 
0 134.03 82.0 18.0 16.50 51 .80 63.0 
15 132.61 79.0 3.0 1.42 50.39 61.3 
30 129.37 75.5 3.5 3.24 47.15 57.4 
45 125.53 70.8 4.7 3.84 43.31 52.6 
60 121 .86 67.5 3.3 3.67 39.64 48.2 
75 118.22 63.0 4.5 3.64 36.00 43.8 
90 115.05 62.0 1.0 3.17 32.83 39.9 
105 111.56 58.9 3.1 3.49 29.34 35.7 
120 108.10 56.8 2.1 3.46 25.88 31.5 
135 105.56 53.5 3.3 2.54 23.34 28.4 
150 102.24 51.0 2.5 3.32 20.02 24.4 
165 99.59 49.7 1.3 2.65 17.37 21 .1 
180 96.91 48.4 1 .3 2.68 14.69 17.9 
225 90.86 47.3 1 .1 6.05 8.64 10.5 
255 88.33 47.3 0 2.53 6.11 7.4 
285 86.47 47.3 0 1.86 4.25 5.2 
315 85.26 47.3 0 1.21 3.04 3.7 
345 84.44 47.3 0 0.82 2.22 2.7 
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FIGURE 18. SHRINKAGE CURVE FOR TEST 1 b 
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TABLE XII - DATA FOR TEST 1 c 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME son VOLUME VOLUME WEIGHT CONTENT CONTENT (minutes) (grams) (cc) (cc) (grams) (grams) (~) 
After mixing 149.94 100.0 68.6? 84.5 
0 138.98 89.0 11.0 10.96 57 .?1 ?1.0 
15 137.80 8?.0 2.0 1.18 56.53 69.6 
30 135.24 84.5 2.5 2.56 53.97 66.4 
45 132.41 80.5 4.0 2.83 51 .14 62.9 
60 129.47 ??.0 ).5 2.94 48.20 59.) 
75 126.20 73-3 3.7 3.2? 44.93 55.) 
90 122.43 69.6 ).? 3.77 41.16 50.? 
105 119.49 66.5 ).1 2.94 )8.22 4?.0 
120 116.53 6).4 ).1 2.96 35.26 4).4 
135 113.49 60.5 2.9 ).04 32.22 39.7 
150 11 0, 31 5?.4 ).1 3.18 29.04 35.? 
165 107.53 55.6 1.8 2.?8 26.26 32.3 
180 104.60 52.0 3.6 2.93 23.33 28.? 
. 
240 94.28 46.6 5.4 10.32 13.01 16.0 
270 90.28 45.? 0.9 3.46 9.55 11 .8 
300 8?.86 45.? 0 2.96 6.59 8.1 
1440 81 .27 45.? 0 6.59 0 0 
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FIGURE 19. SHRINKAGE CURVE FOR TEST 1 c 
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TABLE XIII - DATA FOR TEST 1 d 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT 
(minutes) (grams) (cc) (cc) (grams) (grams) (~.) 
After mixing 149.70 100.0 68.19 8).8 
0 138.50 88.5 11.5 11.20 56.99 70.0 
15 136.44 85.0 ).5 2.06 54.93 67.4 
30 133.40 81.0 4.0 3.04 51 .89 6).7 
45 129.86 75.8 5.2 3.54 48.35 59.3 
60 126.23 73.0 2.8 3.63 44.72 55.0 
75 122.82 70.0 ).0 ).41 41 .31 50.7 
90 119.10 66.1 ).9 3.72 37.59 46.1 
105 115.75 62.0 4.1 3.35 )4.24 42.1 
120 112.)4 59.7 2.3 3.41 30.83 37.8 
135 108.83 56.0 3.7 3.51 27.32 33.5 
150 105.46 53.0 3.0 ).37 23.95 29.4 
165 1 02.)4 50.5 2.5 3.12 20.83 25.6 
180 99.62 48.2 2.3 2.72 18.11 22.2 
225 91.90 45.7 2.5 7.72 10.39 12.8 
240 90.09 45.7 0 1 .81 8.58 10.5 
270 87.29 45.7 0 2.81 5.78 7.1 
300 85.18 45.7 0 2.11 3.67 4.5 
1440 81 .51 45.7 0 3.67 0 0 
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FIGURE 20. SHRINKAGE CURVE FOR TEST 1 d 
70 
TABLE XIV - DATA FOR TEST 4a 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT 
(minutes) (grams) (co) (co) (grams) (grams) (~) 
After mixing 147.70 100.0 67.)0 8).7 
After de-air. 147.17 97.0 ).0 0.5) 66.77 8).0 
0 1 )9.45 87.6 9.4 7-72 59.05 7).5 
15 1 )8.45 87.5 0.1 1.00 58.05 72.2 
)0 1 )6.)7 85.8 1.7 2.08 55.97 69.5 
45 1 )4.1) 8).8 2.0 2.24 5).7) 66.8 
60 1 )1. 74 81.9 1.9 2.)9 51 .)4 6).8 
75 129.19 78.0 ).9 2.55 48.79 60.8 
90 126.75 76.2 1.8 2.44 46.)5 57.6 
105 124.45 7).2 ).0 2.)0 44.05 54.8 
120 121.98 72.0 1.2 2.47 41 .58 51.7 
1 )5 119.70 68.8 ).2 2.28 )9.)0 48.9 
150 117.25 67.2 1 .6 2.45 )6.85 45.9 
165 114.98 64.5 2.7 2.27 )4.58 4).0 
180 112.49 61.0 ).5 2.49 )2.09 )9.9 
195 11 0.)7 59.5 1.5 2.12 29.97 )7.2 
210 108.14 57.7 1 .8 2.2) 27.74 )4.5 
225 105.89 55.0 2.7 2.25 25.49 )1.8 
295 96.98 48.1 6.9 8.91 16.58 20.6 
)25 9).)7 45.0 ).1 ).61 12.97 16.1 
)55 90 • .59 44.8 0.2 2.78 10.19 12.7 
)8.5 88.80 44.8 0 1.79 8.40 10.4 
405 8?.91 44.8 0 0.89 ?.51 9.) 
1.527 80.40 44.8 0 7.51 0 0 
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FIGURE 21. SHRINKAGE CURVE FOR TEST 4a 
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TABLE XV - DATA FOR TEST 4b 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT 
(minutes) (grams) (cc) (cc) (grams) (grams) (~) 
After mixing 149.28 1 oo.o 67.90 83.5 
After de-air. 148.71 98.5 1 .5 0.57 67.33 82.8 
0 142.28 91.5 7.0 6.43 60.90 75.0 
15 141 .29 91.5 0 0.99 59.91 73.7 
30 139.87 88.4 3.1 1.42 58.49 71.9 
45 137.01 84.7 3.7 2.86 55.63 68.5 
60 134.10 81.8 2.9 2.91 52.72 64.9 
75 131 .48 78.4 3.4 2.62 50.10 61.6 
90 128.94 77.6 0.8 2.54 47.56 58.4 
105 126.37 75.5 2.1 2.57 44.99 55.3 
120 124.00 72.6 2.9 2.37 42.62 52.5 
135 121.72 70.7 1.9 2.28 40.34 49.6 
150 119.40 67.5 3.2 2.32 38.02 46.7 
165 117.14 64.4 3.1 2.26 35.76 44.0 
180 114.87 61.1 3.3 2.27 33.49 41 .2 
195 112.74 59.8 1.3 2.13 31 .36 38.5 
210 11 o. 71 57.4 2.4 2.03 29.33 36.0 
280 101 .16 49.9 7.5 9.55 19.78 24.3 
295 99.04 48.8 1 .1 2.12 17.66 21.7 
315 96.36 46.4 2.4 2.68 14.98 18.4 
350 92.22 45.0 1.4 4.14 10.84 13.4 
380 89.57 45.0 0 2.65 8.19 1 0.1 
400 88.32 45.0 0 1.25 6.94 8.5 
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FIGURE 22. SHRINKAGE CURVE FOR TEST 4b 
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TABLE XVI - DATA FOR TEST 4c 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT 
(minutes) (grams) (cc) (cc) (grams) (grams) (~) 
After mixing 149.20 100.0 68.39 84.5 
After de-air. 149.20 100.0 0 0 68.39 84.5 
0 141 .56 92.8 ?.2 ?.64 60.15 75.4 
20 139.75 90.5 2.3 1 .81 58.94 1).0 
35 135.99 85.0 5.5 ).76 55.18 68.4 
50 1)2.30 81.1 ).9 ).69 51 .49 6).8 
65 127.90 76.2 4.9 4.40 47.09 58.) 
80 124.03 1).5 2.7 ).81 4).22 5).6 
95 119.19 69.1 ).8 4.84 )8.)8 47.5 
119 112.31 61.7 8.0 6.88 )1.50 39.0 
135 107.51 57.4 4.3 4.80 26.70 )).1 
150 104.02 5).5 ).9 ).49 2).21 28.7 
174 97.83 49.5 4.0 6.19 17.02 21 .1 
190 94.22 47.0 2.5 ).61 1).41 16.6 
210 91.09 46.0 1.0 ).1) 10.28 12.7 
286 84.54 45.9 0.1 6.55 ).7) 4.6 
316 83.54 45.9 0 1.00 2.73 ).4 
1495 80.81 45.9 0 2.73 0 0 
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FIGURE 2). SHRINKAGE CURVE FOR TEST 4c 
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TABLE XVII - DATA FOR TEST 4d 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT 
(minutes) (grams) (cc) (cc) (grams) (grams) (~) 
After mixing 164.86 111 .5 75.69 85.0 
After de-air. 164.43 11 o.o 1 C5 o.4J 75.26 84.) 
0 156.91 102.5 7.5 7.52 67.74 76.1 
20 155.14 100.0 2.5 1.77 65.97 74.0 
40 150.86 9).5 6.5 4.28 61.69 69.2 
55 146.7t 90.6 2.9 4.15 57.54 64.5 
70 142.68 86.8 ).8 4.0) 53.51 60.1 
85 1 )8.56 8).8 ).0 4.12 49.39 55.) 
100 1 )4.11 78.4 5.4 4.45 44.94 50.4 
125 128.JJ 71 .7 6.7 5.78 39.16 4).9 
140 124.45 69.4 2.) ).88 35.28 39.7 
155 121 .55 66.9 2.5 2.90 32.38 )6.) 
181 117.16 6).5 ).4 4.J9 27.99 )1.4 
200 113.79 59.2 4.3 4.)7 23.62 26.5 
220 110.95 57.5 1.7 2.84 20.78 2).) 
290 101 .88 54.2 ).) 9.07 11 • 71 1 ).2 
320 99.14 5J.J 0.9 2.74 8.97 10.1 
1502 89.17 52.4 0.9 9.97 0 0 
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FIGURE 24. SHRINKAGE CURVE FOR TEST 4d 
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APPENDIX B 
SHRINKAGE TEST RESULTS FOR FLOCCULATED SAMPLES 
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TABLE XVIII - DATA FOR TEST 5a 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT 
(minutes) (grams) (cc) (cc) (grams) (grams) '") 
After mixing 148.87 1 oo.o 68.25 84.8 
After de-air. 148.41 97.0 3.0 0.46 67.79 84.4 
0 140.36 89.8 7.2 8.05 59.74 74.2 
15 139.72 89.8 0 0.64 59.10 73.3 
30 138.24 89.8 0 1.48 57.62 71.5 
45 136.16 87.8 2.0 2.08 55.54 68.9 
60 134.06 85.2 2.6 2.10 53.44 66.2 
75 131 .53 81.9 3.3 2.53 50.91 63.2 
90 129.67 79.7 2.2 1.86 49.05 60.8 
110 126.96 79.2 0.5 2.71 46.34 57.5 
125 124.71 79.1 0.1 2.25 44.09 54.7 
140 122.63 79.1 0 2.08 42.01 52.1 
155 120.46 79.1 0 2.17 39.84 49.4 
185 116.53 79.1 0 3.93 35.91 44.5 
235 109.86 75.4 3.7 6.67 29.24 37.5 
256 107.33 73.4 2.0 2.53 26.71 33.1 
282 104.37 73.0 0.4 2.96 23.75 29.5 
317 100.50 73.0 2.1 3.87 19.88 24.6 
347 97.78 69.6 1.3 2.72 17.16 21.3 
377 95.74 68.5 1.1 2.04 15.12 18.8 
407 93.60 68.5 0 2.14 12.98 16.1 
437 91 .46 68.5 0 2.14 10.84 13.5 
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FIGURE 25. SHRINKAGE CURVE FOR TEST 5a 
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TABLE Ill - DATA FOR TEST 5b 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT (minutes) (grams) (co) (co) (grams) (grams) (~) 
After mixing 164.83 111 .5 74.23 82.0 
After de-air. 164.37 108.5 3.0 0.46 73.77 81 • .5 
0 1.56.67 100.0 8 • .5 7.70 66.07 73.1 
1.5 1.5.5.90 1 oo.o 0 0.77 6.5.30 72.2 
3.5 1.53.63 1 oo.o 0 2.27 63.03 69.7 
60 149.97 96 • .5 3 • .5 3.66 .59.37 6.5 • .5 
80 146.6.5 93 • .5 3.0 3.32 .56.0.5 61.9 
100 143 • .51 91..5 2.0 3 .1.5 .52 .91 .58.4 
120 140.33 89.6 1 .9 3.18 49.73 .54.9 
14.5 137.02 89.6 0 3.31 46.42 .51.2 
160 1)4.8.5 89.6 0 2.17 44.2.5 48.8 
17.5 132.44 89.6 0 2.41 41 .84 46.2 
190 130.69 89.6 0 1.7.5 40.09 44.2 
210 128.24 87.8 1.8 2.4.5 37.6.5 41..5 
22.5 126.28 87.4 0.4 1.96 3.5.68 39.4 
311 116.6.5 81.8 .5.6 9.63 26.05 28.8 
351 112.90 80.0 1.8 3.75 22.30 24.6 
384 110.06 78.4 1.6 2.84 19.46 21..5 
414 108.12 78.4 0 1.94 17.52 19.3 
1542 90.60 72.2 6.2 17 • .52 0 0 
82 
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FIGURE 26. SHRINKAGE CURVE FOR TEST 5b 
83 
TABLE XX - DATA FOR TEST 5c 
OVEN DRYING WEIGHT OF SDPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT 
(minutes) (grams) (cc) (cc) (grams) (grams) <") 
After mixing 166.31 111 .5 75.60 83.4 
After de-air. 165.85 111 .5 0 0.46 75.14 82.8 
0 159.02 104.0 7.5 6.83 68.31 75.0 
20 157-77 104.0 0 1.25 67.06 73.8 
40 155.10 101 .o ).0 2.67 64.39 70.8 
55 152.85 99.3 1.7 2.25 62.14 68.5 
70 150.80 97.5 1 .8 2.05 60.09 66.2 
85 148.67 95.8 1.7 2.13 57.96 63.8 
108 145.47 95.4 0.4 3.20 54.76 60.3 
125 143.03 95.4 0 2.44 52.32 57.6 
140 140.97 95.4 0 2.06 50.26 55.4 
155 138.85 95.4 0 2.12 48.14 .53.1 
170 1)6.94 95.4 0 1.91 46.23 51.0 
185 1 )4.91 95.4 0 2.03 44.20 48-'8 
200 132.97 95.4 0 1.94 42.26 46.6 
220 130.57 94.5 0.9 2.40 39.86 43.9 
280 122.54 89.1 5.4 8.03 32.83 35.1 
310 119.43 88.8 0.3 3.11 28.72 31.6 
)40 116.00 85.5 3.3 ).43 25.29 27.9 
370 112.68 85.0 0.5 3.32 21 .97 24.2 
400 11 o. 77 85.0 0 1.91 26.06 22.0 
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FIGURE 27. SHRINKAGE CURVE FOR TEST 5c 
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TABLE XXI - DATA FOR TEST 5d 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT (minutes) (grams) (cc) (cc) (grams) (grams) (~) 
After mixing 151.77 100.0 68.57 82.3 
After de-air. 150.54 98.5 1.5 1.23 67.34 81.0 
0 141 .04 92.4 6.1 9.50 57.84 69.5 
20 139.72 90.8 2.6 1.32 56.52 67.9 
40 137.23 89.0 1.8 2.49 54.03 64.8 
60 1)4.29 84.8 4.2 2.94 51.09 61.3 
75 131.37 84.4 0.4 2.92 48.17 57.9 
90 128.16 84.0 0.4 ).21 44.96 54.0 
110 124.19 84.0 0 ).97 40.99 49.9 
125 120.97 8).8 0.2 ).22 37-77 45.3 
140 117.85 83.8 0 ).12 )4.65 41.7 
155 115.52 81\.8 2.0 2.33 32.32 )8.8 
170 112.49 80.2 1.6 ).0) 29.29 35.2 
190 108.97 77.0 ).2 3.52 25.77 )0.9 
210 105.98 75.3 1.7 2.99 22.78 27.4 
270 97.12 70.7 4.6 8.86 13.92 16.7 
300 93.56 70.7 0 ).56 10.36 12.4 
330 90.93 ~9.7'-' 1 .o 2.63 7.73 9.3 
)60 88.58 69.7 0 2.35 5.38 6.5 
390 86.82 69.7 0 1.76 ).62 4.4 
1470 8).20 69.7 0 3.62 0 0 
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FIGURE 28. SHRINKAGE CURVE FOR TEST 5d 
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TABLE XXII - DATA FOR TEST 5e 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME SOIL VOIDME VOLUME WEIGHT CONTENT CONTENT 
(minutes) (grams) (cc) (cc) (grams) (grams) (~) 
After mixing 166.05 111 .5 75.12 82.6 
After de-air. 165.13 11 o.o 1.5 0.92 74.20 81.6 
0 155.71 102.2 ?.8 9.42 64.78 71.2 
20 154.72 102.2 0 0.99 63.79 70.0 
40 152.58 102.0 0.2 2.14 61 .65 6?.8 
60 150.24 98.2 J.8 2.)4 59.31 65.1 
75 148.20 95.7 2.5 2.04 57.27 62.9 
90 145.90 95.3 0.4 2.30 54.97 60.4 
110 142.86 95.0 0.3 3.04 51 .93 57.1 
125 141 .02 95.0 0 1.84 50.09 54.9 
140 138.58 95.0 0 2.44 4?.65 52.4 
155 136.21 94.5 0.5 2.37 45.28 49.7 
170 1 )4.09 94.5 0 2.12 43.16 4?.4 
190 1 31 .18 93.2 1.3 2.91 40.25 44.2 
210 128.31 91.5 1.7 2.87 37.38 41.1 
270 119.38 83.5 8.0 8.93 28.45 31.3 
300 115.10 81.9 1.6 4.28 24.17 26.5 
330 111.28 81 .o 0.9 3.82 20.35 22.4 
360 108.38 79.4 1 .6 2.90 17.45 19.2 
390 105.17 78.0 1.4 3.21 14.24 15.7 





MOISTURE CONTENT (grams) 
FIGURE 29. SHRINKAGE CURVE FOR TEST 5e 
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TABLE XXIII - DATA FOR TEST 5f 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT 
(minutes) (grams) (cc) (cc) (grams) (grams) (~) 
After mixing 167.07 111 .5 75.01 81.5 
After de-air. 166.42 11 o.o 1.5 0.65 74.36 80.8 
0 157.84 103.0 7.0 8.58 65.78 71.5 
20 156.80 103.0 0 1.04 64.74 70.4 
40 154.64 102.8 0.2 2.16 62.58 67.9 
60 152.18 100.0 2.8 2.46 60.12 65.4 
75 150.32 97.5 2.5 1.86 58.!6 63.3 
90 148.44 95.8 1.7 1.88 56.38 61.2 
105 146.35 95.8 0 2.09 54.29 59.0 
120 144.18 95.5 0.3 2.17 52.12 56.7 
135 142.11 95.5 0 2.07 50.05 54.3 
150 139.94 95.5 0 2.17 47.88 52.0 
165 137-79 95.5 0 2.15 45.73 49.7 
180 135.59 95.5 0 2.20 43.53 47.3 
195 133.42 93.5 2.0 2.17 41 .36 44.9 
270 122.96 88.2 5.3 11' .46 29.90 32.5 
290 120.61 87.8 0.4 2.35 27.55 29.9 
320 117.34 85.5 2.) 3.27 24.28 26.4 
350 114.37 84.8 0.7 2.97 21 .31 23.2 
380 111-~25 79.6 5.2 3.12 18.19 19.8 
1460 92.06 76.3 3.3 19.19 0 0 
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FIGURE )0. SHRINKAGE CURVE FOR TEST 5f 
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TABLE XXIV - DATA FOR TEST 6a 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME SOIL YOLUME VOUJME WEIGHT CONTENT CONTENT (minutes) (grams) (cc) (cc) (grams) (grams) (~) 
After mixing 148.03 1 oo.o 66.21 81.0 
After de-air. 147.39 98.5 1.5 0.64 ~5.57 80.3 
0 129.31 82.6 15.9 18.08 47.49 58.1 
20 128.06 82.4 0.2 1.25 46.24 56.5 
40 125.55 78.7 . 3.7 2.51 43.73 53.5 
60 122,50 77.4 1;3 3.05 40.68 49.8 
80 119.79 77.0 0.4 2.71 37.97 46.4 
100 116.91 77.0 0 2.88 35.09 42.9 
120 114.32 76.8 0.2 2.59 32.50 39.7 
140 111.76 73.8 3.0 2.56 29.94 36.6 
160 109.04 72.5 1.3 2.72 27.22 33.4 
200 103.64 68.7 3.8 5.40 21.82 26.7 
220 101 .01 68.2 0.5 2.63 19.19 23.5 
240 98.89 66.0 2.2 2.12 17.07 20.9 
260 97.14 66.0 0 1.75 15.32 18.8 
290 94.22 65.0 1.0 2.92 12.40 15.2 
320 91.56 64.0 1.0 2.66 9~9'4 11.9 
350 89.71 64.0 0 1.85 7.89 9.6 
1440 81 .82 64.0 0 7.89 0 0 
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FIGURE 31. SHRINKAGE CURVE FOR TEST 6a 
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TABLE XXV - DATA FOR TEST 6b 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTORE MOISTORE 
TIME SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT 
(minutes) (grams) (cc) (cc) (grams) (grams) (~) 
After mixing 165.82 111 .5 74.33 81 .2 
After de-air. 165.23 11 o.o 1.5 0.59 73.74 80.6 
0 146.65 93.3 16.7 18.58 55.16 60.3 
20 145.46 92.9 0.4 1.19 53.97 59.0 
40 142.81 91.1 1.8 2.65 51 .32 56.0 
60 140.04 89.2 1.9 2.77 48.55 53.0 
80 137.39 88.6 0.6 2.65 45.99 50.2 
100 1)4.64 88.3 0.3 2.75 43.15 47.2 
120 132.25 87.0 1.3 2.39 40.76 44.5 
140 129.80 86.9 0.1 2.45 38.31 41.8 
160 127.15 85.5 1.4 2.65 35.66 39.0 
200 122.02 81.7 3.8 5.13 30.53 33.4 
220 119.48 80.0 1.7 2.54 27.99 30.6 
240 117.16 78.5 1.5 2.32 25.67 28.1 
260 115.28 78.0 0.5 1.88 23.79 26.0 
290 112.11 75.6 2.4 3.17 20.67 22.5 
320 109.15 74.5 1.1 2.96 17.66 19.3 
350 106.68 74.3 0.2 2.47 15.19 16.6 
1440 91.49 72.5 1.8 15.19 0 0 
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FIGURE 32. SHRINKAGE CURVE FOR TEST 6b 
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TABLE XXVI - DATA FOR TEST 7 
OVEN DRYING WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
TIME SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT 
(minutes) (grams) (cc) (cc) (grams) (grams) (~) 
After mixing 165.64 111 .5 75.57 8).9 
After de-air 164.94 11 o.o 1.5 0.70 74.87 8).1 
0 145.81 91.1 18.9 19.13 55.74 61.9 
40 142.54 88.7 2.4 ).27 52.47 58.) 
75 1)8.15 85.1 ).6 4.39 48.08 53.4 
120 1)4.25 81.0 4.1 ).90 44.18 49.1 
180 126.57 71.5 9.5 7.68 )6.50 40.5 
215 122.43 66.9 4.6 4.14 )2.)6 35.9 
255 119.09 62.4 4.5 ).)4 29.02 31.1 
295 114.54 60.1 2.3 4.55 24.47 27.2 
)40 110.27 59.0 1.1 4.27 20,..20 22.4 
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FIGURE 33. SHRINKAGE CURVE FOR TEST 7 
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APPENDIX C 
SHRINKAGE TEST RESULTS FOR DISPERSED SAMPLES 
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TABLE XXVII - DATA FOR TEST 8a 
WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
SOIL VOWME VOLUME WEIGHT CONTENT CONTENT 
(grams) (co) (co) (grams) (gr.tams) (~) 
150.74 1 oo.o 68.10 82.4 
150.06 98.5 1.5 0.68 6?.42 81.6 
134.91 83.8 14.7 15.15 52.27 63.2 
126.02 75.0 8.8 8.89 43.38 52.4 
121 .61 71.5 3.5 4.41 38.97 47.0 
114.07 61 .4 . 10.1 ?.54 31 .43 38.1 
104.94 53.9 7.5 9.13 22.30 27.0 
92.44 42.8 11.1 12.50 9.80 11.9 
89.12 42.5 0.3 3,32 6.48 ?.8 
87.19 42.5 0 1.93 4.55 5.5 
82.64 42.5 0 4.55 0 0 
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FIGURE 34. SHRINKAGE CURVE FOR TEST 8a 
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TABLE XXVIII - DATA FOR TEST 8b 
WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT 
(grams) (cc) (cc) (grams) (grams) (~) 
168.78 111 .5 76.21 82.4 
168.16 11 o.o 1.5 0.62 75.59 81.7 
15).89 95.6 14.4 14.27 61.)2 66.) 
144.71 88.0 7.6 9.18 52.14 56.) 
140.31 81.6 6.4 4.40 47.74 51.6 
1 )2.20 74.) 7.) 8.11 J9.6J 42.8 
122.65 65.9 8.4 9.55 )0.08 )2.5 
107.42 50.4 15.5 15.23 14.85 16.1 
102.24 48.1 2.J 5.18 9.67 10.5 
99.)7 47.9 0.2 2.87 6.80 7.4 
92.57 47.9 0 6.80 0 0 
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FIGURE 35. SHRINKAGE CURVE FOR TEST 8b 
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TABLE XXIX - DATA FOR TEST 9a 
WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT 
(grams) (cc) (cc) (grams) (grams) (t) 
149.30 1 oo.o 68.29 84.2 
148.82 99.4 0.6 0.48 67.81 83.6 
135.58 85.8 13.6 13.24 54.57 67.2 
113.45 62.5 23.3 22.13 32.44 40.1 
106.38 55.6 6.9 7.07 25.37 31 .3 
96.70 46.4 9.2 9.68 15.69 19.4 
90.23 43.2 3.2 6.47 9.22 11.4 
82.61 42.1 1.1 7.62 1.60 1.98 
81 .01 42.1 0 1.60 0 0 
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FIGURE 36. SHRINKAGE CURVE FOR TEST 9a 
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TABLE XXX - DATA FOR TEST 9b 
WEIGHT OF SAMPLE CHANGE IN CHANGE IN MOISTURE MOISTURE 
SOIL VOLUME VOLUME WEIGHT CONTENT CONTENT 
(grams) {cc) (cc) (grams) {grams) <'> 
166.15 111 .5 76.18 84.6 
165.67 110.5 1 .o 0.48 75-70 84.2 
152.08 95.7 14.8 13.59 62.11 69.1 
130.59 74.8 20.9 21 .49 40.62 45.2 
123.43 66.0 8.8 7.16 33.46 37.2 
112.45 55.4 10.6 10.98 22.48 25.1 
104.36 48.1 7.3 8.09 14.39 16.0 
92.72 46.1 2.0 11 .64 2.75 ).06 
89.97 46.1 0 2.75 0 0 
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FIGURE 37. SHRINKAGE CURVE FOR TEST 9b 
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